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Virus-like particle (VLP)Structural studies have implicated the TYMV N-terminal amino acids of the coat protein (CP) in both static
(virion stabilization) and dynamic (RNA encapsidation and disencapsidation) roles. We have deleted resi-
dues 2–5, 2–10 and 2–26 from the N-terminus and expressed the mutant CPs in E. coli to assess assembly
in the absence of genomic RNA and in plant infections to assess infectivity and virion properties. In E. coli,
the deletion constructs formed virus-like particles, but in decreased yield. All mutants were infectious in Chi-
nese cabbage, producing normal symptoms but with a slight delay and decreased viral yields. Virions were
progressively less stable with increasing deletion size and also more accessible to small molecules. These re-
sults show that the N-terminal 26 amino acids are not essential for viral processes in vivo, although removal
of these residues decreases stability and increases porosity, both important factors for virion integrity and
survival outside the host.
© 2011 Elsevier Inc. All rights reserved.Introduction
Turnip yellow mosaic virus (TYMV), the type member of the
Tymovirus genus of single-stranded RNA viruses, utilizes 180 copies
of its 20 kDa coat protein (CP) to assemble into a 28–30 nm T=3 ico-
sahedral virion (Dreher, 2004). The TYMV CP folds into a canonical
eight-stranded β-barrel or “jelly-roll” motif, a fold found in a variety
of spherical viruses that infect bacteria, animals and plants
(Harrison, 2001; Rossmann and Johnson, 1989). The 6.3-kb genomic
RNA and the 0.7-kb subgenomic RNA that serves as CP mRNA are
both packaged. Tymoviruses are distinctive in that both full particles
(virions) and empty particles (known as natural top components,
NTCs) are produced during natural infections, the latter appearing as
stain-penetrated in negative staining electron microscopy. Further-
more, virions can be converted to an empty form known as the artiﬁ-
cial top component (ATC) through exposure to high pressure
(Leimkuhler et al., 2001), alkaline treatment (pH 11) (Keeling and
Matthews, 1982) or freezing and thawing (Katouzian-Safadi and
Berthet-Colominas, 1983). These treatments result in the release of
the genome and a few CP subunits likely corresponding to a pentamericlogy, Oregon State University,
Dreher).
rights reserved.or hexameric capsomere (Katouzian-Safadi and Berthet-Colominas,
1983; Kuznetsov and McPherson, 2006). Even with a prominent cavity
the ATC is still stable (Leimkuhler et al., 2001; Mutombo et al., 1993)
with a crystal structure highly similar to that of the infectious virion
(Canady et al., 1996; van Roon et al., 2004).
The stability of empty particles emphasizes that TYMV stability is
derived principally from protein–protein contacts (Hirth and Givord,
1985; Michels et al., 1999). Empty particles and virions are similarly
stable at low pH (5.5), but while capsids become more stable with in-
creasing pH, the opposite is true of virions (Virudachalam et al., 1985).
The protein shell is thus critical to virion stability, encapsidating RNA
that is essentially a destabilizing component. A signiﬁcant contribu-
tion to virion stability is thought to be provided by the β-annulus
(sometimes referred to as a β-hexamer in other viruses), which links
the B and C quasi-equivalent subunits that alternate to form the hex-
americ capsomeres (Canady et al., 1996). The extremeN-terminal res-
idues of the CP form the interlocking annulus that closely surrounds
the vertex at the quasi 6-fold axis, where the potential for a pore exists
(Figs. 1A, B). Interestingly, the N-terminal 26 amino acids of the A sub-
units were disordered in the virion crystal structure (Canady et al.,
1996; Larson et al., 2005), suggesting that the N-terminal regions are
mobile and may be important in the dynamic properties of the virion,
especially encapsidation and disencapsidation (Canady et al., 1996;
Dreher, 2004).
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Fig. 1. N-terminal deletion mutants of TYMV CP. A. Depiction of the interior environment of the hexameric capsomeres of TYMV. The 8 anti-parallel β-strands that constitute the β-
barrel core structure of each CP subunit are shown. The capsomere is composed of alternating quasi-equivalent B- and C-subunits; A subunits form the hexameric capsomeres (not
shown). Residues are colored either red (1–5), blue (6–10) or green (11–26) to match the progressive deletions represented in the mutants studied in this paper (Δ2-5, Δ2-10, Δ2-
26). The β-annulus forms the interlocked ring around the quasi 6-fold axis. B.Main and side chains shown for the 26 N-terminal residues (colored as in A) with remaining residues
(27–189) shown as gray surface depiction for clarity. The sidechains (asterisk) of the penultimate N-terminal residue (glutamic acid, E2) project towards the interior of the cavity.
Pymol images generated from PDB ID: 1AUY (Canady et al., 1996). C. The partial (N-terminal) sequences of Wt and mutant CPs are indicated. D. Nucleotide sequence upstream of
the CP gene initiation codon of TYMV-Corvallis (Wt) (Dreher and Bransom, 1992) and of TYMV variant Wt*, which retains a wild-type CP gene but has introduced EcoRI and NdeI
restriction sites (underlined) for efﬁcient cloning. These restriction sites are present in the genomes of the three deletion mutants.
Table 1
Infectivity of deletion mutants in Chinese cabbagea.
Virus Days to local
lesions
Days to symptoms:
secondary leaves
Virus yield
(mg/100 g tissue)b
Wt 5 8 84
Wt* (EcoRI-NdeI)c 5 8 79
Δ2–5 6 9 42
Δ2–10 6 10 6.5
Δ2–26 6 10 15.3
a Four plants were mechanically inoculated with 1 μg each of viral RNA.
b Composite yield from systemic leaves of four plants harvested 30 dpi, with quanti-
tation based on Bradford assay and SDS–PAGE to detect viral protein. Note that Δ2–10,
and especially Δ2–26, preparations contain high proportions of particles that appear to
be defective by electron microscopy.
c Wt*, with EcoRI-NdeI sites adjacent to CP start codon (see Fig. 1), is the progenitor
of the deletion mutants.
166 J.D. Powell et al. / Virology 422 (2012) 165–173The N-termini of two other tymovirus CPs, those of Physalis mot-
tle virus (PhyMV) (Krishna et al., 1999) and Desmodium yellow mot-
tle virus (DYMoV) (Larson et al., 2000), also form β-annuli that link
the hexameric subunits. The N-terminal amino acid sequences are
quite variable between tymoviruses, and even within different iso-
lates of TYMV (Mitchell and Bond, 2005). In TYMV and other tymo-
viruses, only a few basic residues occur in the 26 residue long
ﬂexible N-terminal segment that precedes the core beta-barrel fold
of the coat protein structure. Thus, positively charged ARM-domains
that are rich in lysines and arginines andwhich are important in neutral-
izing the negative charges of encapsidated RNA for some viruses (Rao,
2006) are not found in tymoviral CPs. Instead of an RNA-neutralizing
ARM-domain, TYMV utilizes polyamines, which are in close association
with the encapsidated RNA, together with divalent cations such as
Mg++, for charge neutralization (Cohen and Greenberg, 1981; Hirth
and Givord, 1985).
We report experiments assessing the contribution of the TYMV CP
N-terminal domain in particle formation and during infection through
the construction of N-terminal deletion CP mutants (Fig. 1C). It has
been shown for the closely related PhyMV that T=3 virus-like particles
(VLPs) are able to assemble upon CP expression in E. coli despite exten-
sive deletion, substitution and extension mutations (Chandran et al.,
2009; Hema et al., 2007; Sastri et al., 1999).We have taken those exper-
iments further by demonstrating that virions supporting productive in-
fections can form despite the absence of up to 25 residues from the
N-terminus. Thus, sequences involved in β-annulus formation and
that have been viewed as potentially important for encapsidation and/
or disencapsidation because of their mobility are not essential. Never-
theless, these sequences do contribute importantly to viral ﬁtness,
since all deletion mutants produced attenuated infections and less sta-
ble virions.
Results
Expression of CP mutants in E. coli and in plants
In order to provide maximum ﬂexibility for studying the effects of
CP mutations on assembly and infectivity, a convenient system was
designed for expression in E. coli and in plants. Initially, adjacent
unique EcoRI and NdeI restriction sites were engineered into an infec-
tious TYMV genomic clone (pTYW, based on the Agrobacterium binary
vector pCB302) (Cho and Dreher, 2006) just upstream of the CP ORF
initiation codon (Fig. 1D). This allows ready exchange with sequences
encoding variants in the N-terminal region of the CP, as well asshuttling between pCB302 and pRSETB vectors for expression in
plants and E. coli, respectively (see Materials and methods). TYMV in-
fections launched with pTYW-EcoRI-NdeI in Chinese cabbage were
similar to wild type in symptoms and yield (Table 1): consequently,
this variant, which produces wild type CP, is referred to as Wt*
throughout this paper.
Three N-terminal mutants of the TYMV CP with progressively larger
deletionswere studied (Fig. 1). CPΔ2-5 (Fig. 1A, red) lacks acidic amino
acids that are typically represented at the extreme N-termini of tymo-
viral CPs and also residues that contribute to β-annulus formation. CP
Δ2-10 (Fig. 1A, red+blue) lacks all the amino acids that form the β-
annulus structure, which links B- and C-subunits in each hexameric
capsomere (Canady et al., 1996). CP Δ2-26 (Fig. 1A, red+blue+
green) lacks the region that is disordered in A subunit pentamers (not
shown) on the basis ofmissing density in X-ray crystallography; the de-
leted amino acids are mostly upstream of βB, the ﬁrst strand of the 8-
stranded β-barrel that forms the core of the CP fold (Canady et al.,
1996).
Deletion mutants form VLPs in E. coli
Expression of wild type CP in E. coli was predominantly in the sol-
uble fraction (Fig. 2A). VLPs were detected by electron microscopy
(Fig. 2B) and native agarose gel electrophoresis (Fig. 2C). Examina-
tion of electron micrographs of mixed preparations of virions and
VLPs revealed that the two particles were of similar diameter
(Fig. 2B). CP Δ2–5 also assembled into VLPs (Figs. 2B, C), although a
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Fig. 2. Expression of VLPs in E. coli. A.Wild type and deletion mutant TYMV CPs expressed in E. coliwere separated into soluble and insoluble (inclusion body) fractions and analyzed
by SDS–PAGE. Soluble fractions were detected by Western blotting using anti-TYMV antiserum, while insoluble fractions were detected by staining with Coomassie blue. Note that
soluble fractions of Δ2-10 and Δ2-26 were concentrated 100-fold relative to Wt and Δ2-5. B. Negative stained EM images of VLPs formed in E. coli. A 50:50 mixture of plant virions
(dark stain) and E. coliWt VLPs show similar dimensions. C. Native agarose gel electrophoresis of viral particles from soluble fraction of lysate, detected by Coomassie blue staining;
V, infectious TYMV virions; ATC, artiﬁcial top components (empty particles) produced from virions by freeze-thawing. D. Electron microscopy of Wt CP particles reassembled in
vitro at the indicated pH (see Materials and methods). Scale bars (B, D)=50 nm.
167J.D. Powell et al. / Virology 422 (2012) 165–173much higher proportion of this CP was found as insoluble inclusion
bodies (Fig. 2A). Δ2–10 and Δ2–26 were even less soluble, to the ex-
tent that only trace levels of soluble CP were seen (Fig. 2A). Neverthe-
less, VLPs could be detected with the use of immunocapture as a
concentration step (Fig. 2B). No small particles indicative of T=1 par-
ticle forms were found for any of the deletion mutants. Our results are
in good agreement with the VLP formation in E. coli reported for
PhyMV Wt CP and deletion mutants (Sastri et al., 1997), suggesting
that the dispensability of sequences upstream of the β-barrel for
T=3 particle formation is a general property of tymoviruses.
The formation of inclusion bodies reﬂects the accumulation of CP
molecules that have misfolded and interacted inappropriately for as-
sembly into capsid-like VLPs. In order to test whether these molecules
could be induced to assemble under different (i.e., in vitro) condi-
tions, the insoluble CP aggregates were solubilized in 8 M urea fol-
lowed by step-wise reduction of the urea concentration by dialysis
against a series of buffer exchanges (Materials and methods). Two
buffer conditions were tested: 50 mM sodium acetate, 2.5 mM
MgCl2 pH 5.8, and 50 mM Tris–HCl, 200 mM NaCl, 2.5 mM MgCl2 pH
8.0. For Wt CP at both pH values, signiﬁcant precipitation occurred
during dialysis of the 1 M urea step against urea-free buffer, repre-
senting approximately 85 to 95% loss of CP. VLPs were present in
the supernatant at the conclusion of dialysis for both buffers, with
more present at low pH (Fig. 2D). The reassembled particles appeared
similar to the VLPs formed in vivo, though some partial and asymmet-
ric structures and variations in stain penetration were observed. Pre-
cipitation occurred at the same stage of dialysis for each of the mutant
CPs, but no VLPs could be detected in the ﬁnal supernatants. Thus, al-
though N-terminal deletion CP mutants are able to form capsids, the
decreased yields both in vivo and in vitro indicate that the efﬁciency
of assembly is clearly compromised.
Further characterization of the VLPs assembled in E. coli was per-
formed by fractionation on CsCl density gradients. Peak density for
Wt VLPs was 1.270–1.284 g/ml (Fig. 3A, fractions 6–8), and deletion
mutant VLPs fractionated similarly on parallel gradients (Fig. 3A).
The densities of VLPs were similar to those of freeze-thaw ATCs
(RNA-free) derived from infectious virions (1.1270–1.276 g/ml;
Fig. 3A, fractions 6–7) and are in good agreement with previous pub-
lished reports (Mellema et al., 1979). Minor amounts of denser VLPs
were present, up to a density of 1.292 g/ml (fraction 12). In plants,minor non-infectious components at densities of 1.285 g/ml and
higher have been reported to contain RNA, which in vitro translates
the CP (Mellema et al., 1979). The denser VLPs from our CsCl gradi-
ents do indeed contain TYMV CP mRNA, as detected by Northern
blot (Fig. 3B).
In addition to CsCl gradients, Wt VLPs were separated on sucrose
density gradients. In these gradients, the majority of particles migrat-
ed to positions intermediate between ATCs and virions (Fig. 3C), sug-
gesting the presence of RNA. When analyzed by agarose gel
electrophoresis, these VLPs contained stainable levels of RNA, while
stainable levels were not present in VLPs harvested from CsCl gradi-
ents (Fig. 3D). We conclude that exposure to high concentrations of
CsCl imparts an instability to the VLPs, causing RNA release, presum-
ably by displacing counterions associated with the encapsidated RNA
(Savithri et al., 1987).
CP deletion mutants are infectious in host plants, but virions are less
stable
TYMV mutants expressing Δ2–5, Δ2–10 and Δ2–26 forms of CP
were systemically infectious in Chinese cabbage either by direct
agro-inoculation or by mechanical inoculation with puriﬁed genomic
RNA (Table 1). Deletion mutants produced local chlorotic lesions and
vein-clearing symptoms on secondary leaves with a slight delay rela-
tive to Wt*. All inoculated plants became infected, developing symp-
toms that were similar to those of Wt*-infected plants. Systemically
infected Chinese cabbage leaves were harvested at 30 days post-
inoculation and virus was isolated by the bentonite method (Dunn
and Hitchborn, 1965). The Δ2–5 virus yield was approximately half
that of Wt* TYMV, but the yield was considerably lower for Δ2–10
and Δ2–26. RT-PCR sequencing of the CP coding region after ﬁve se-
quential passages yielded the expected sequences, indicating that
no second site suppressor mutations that might increase the ﬁtness
of these attenuated mutants had emerged.
During puriﬁcation, a slight precipitation of Δ2–26 was visible
when the MgSO4 concentration was reduced from 10 mM to 1 mM.
In order to view this potentially unstable construct by electron mi-
croscopy before additional degradation, a small aliquot of Δ2–26
and subsequently all other constructs were immediately ﬁxed with
0.1% glutaraldehyde in 10 mM sodium/potassium phosphate, 1 mM
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Fig. 3. Characterization of E. coli VLPs. A.Western blot detection of TYMV CP in fractions from CsCl gradients (starting density 1.30 g/mL) analyzing virions or VLPs as indicated. B.Northern
blot detection of TYMV RNA extracted from the indicated fractions from a CsCl gradient ofWt E. coli VLPs. V, infectious virion RNA; g, TYMV genomic RNA; sg, subgenomic RNA (CPmRNA).
C.Western blot detection of CP in fractions from 5 to 30% sucrose gradients. D.Native agarose gel electrophoresis of VLPs, stained with ethidium bromide to detect RNA (upper panel) and
Coomassie blue to detect CP (lower panel). V, virion; ATC, freeze-thaw particles produced from virions; RNA, phenol-chloroform puriﬁed TYMV RNA.
168 J.D. Powell et al. / Virology 422 (2012) 165–173MgSO4, pH 7.6 (Fig. 4A). Virions of deletion mutants had similar di-
ameters to Wt*, but considerable numbers of broken and/or asym-
metric Δ2–10 and Δ2–26 particles were evident. The ratio of empty
or partially broken particles compared to intact virions, as judged by
stain penetration, was substantially higher for Δ2–10 (50%) and
Δ2–26 (85%) compared to Wt* (6%) and Δ2–5 (18%). When virus
preparations were subjected to low pH (10 mM sodium acetate,
1 mM MgSO4 pH 5.5), a noticeable precipitation was visible for
Δ2–26 and slight precipitation for Δ2–10. Electron microscopy at
low pH (Fig. 4B) showed no consistent changes to Wt* and Δ2–5 par-
ticle morphology, but non-spherical structures were evident for
Δ2–10 and Δ2–26 and amorphous aggregates for Δ2–26 were also
identiﬁed (Fig. 4B, asterisk). Among the remaining Δ2–26 particles,
fewer (39%) were empty or damaged (i.e., stain penetrable), suggest-
ing that intact RNA-containing virions survive preferentially at low
pH.
Analysis of virus preparations on native agarose gels before and
after low pH treatment veriﬁed the loss of soluble Δ2–26 particles
at low pH (Fig. 4C). Band smearing for Δ2–10 and Δ2–26 particles, es-
pecially at pH 7.6, may reﬂect the presence of irregularly shaped par-
ticles seen by electron microscopy.
Virion stability was further studied for Wt*, Δ2–5 and Δ2–10, but
insufﬁcient density-gradient puriﬁed Δ2–26 material was available
for such analyses. Native gels were used to assess whether RNA was
associated with virions or free in solution at different temperatures
and urea (denaturant) concentrations at pH 6. Wt* virions puriﬁed
on sucrose gradients were stable in 30 mM sodium acetate pH 6 to
60 °C, a temperature at which both Δ2–5 and Δ2–10 virions had re-
leased RNA (Fig. 5A). The mutant virions were also less stable in the
presence of urea. For Wt* virions puriﬁed on CsCl gradients, most
RNA remained encapsidated at urea concentrations up to 2 M at
50 °C, with substantial RNA release occurring at or above 3 M urea
(Fig. 5B). RNA remained associated with Δ2–5 virions at 50 °C in the
absence of urea, but exposure to even 1 M urea at 50 °C resulted inRNA release. Δ2–10 virions were even less stable, with all RNA re-
leased upon exposure to 50 °C even without urea (Fig. 5B). All virions
were intact at room temperature, as indicated by the control gels in
Fig. 5C. Comparison of 50 °C treatments for Δ2–10 (Figs. 5A, B) indi-
cates that these virions are sensitive to high CsCl concentrations
(see below).
Intrinsic ﬂuorescence measurements probing the environment of
aromatic amino acids in the CP provided an additional way to assess
the decreased stability of the deletion mutant virions. Wt* and dele-
tion CPs each contain two tryptophan residues, whose emission
peaks are expected in the 335–360 nm range depending on solvent
accessibility (Eftink, 1991). Tryptophan ﬂuorescence at pH 6.0 was
highly quenched in Wt* virions (Figs. 6A, B) to the extent that the
304 nm tyrosine emission peak exceeded the tryptophan emission
peak (Fig. 6A). The tryptophan residues were also highly shielded
from solvent as indicated by the emission peak occurring at 334 nm
(Fig. 6B). Both quenching and shielding from solvent were less pro-
nounced in Δ2–5 and Δ2–10 virions (λmax of 339–340 nm). As urea
concentration increased, the ﬂuorescence intensity increased abrupt-
ly between 2.5 M and 4 M for Wt* and (less steeply) between 0.5 M
and 2 M for Δ2–5 and Δ2–10 (Fig. 6C). Solvent accessibility, indicated
by the red-shift from λmax of 334–340 nm to higher wavelengths, in-
creased abruptly above 2 M urea for Wt* and at 3–3.5 M for Δ2–5 and
Δ2–10 (Fig. 6D). The coincident de-quenching and red-shift for Wt*
occurred in conditions that lead to RNA release (Fig. 5B), which pre-
sumably requires a loosening of contacts between CP subunits. De-
quenching of tryptophan residues in the Δ2–5 and Δ2–10 mutants
occurred at lower urea concentrations (Fig. 6B), emphasizing their
decreased stabilities as demonstrated in Fig. 5. Interestingly, the sol-
vent exposure is not coupled to de-quenching in these mutants,
with the major red-shift occurring for unknown reasons at a higher
urea concentration than for Wt* (Fig. 6C). At urea concentrations
above 4 M, the ﬂuorescence intensities (Fig. 6C) and emission maxi-
ma (Fig. 6D) of all three virions were comparable, suggesting that
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Fig. 4. Viral particles produced during Chinese cabbage infection. A. Virus preparations made from systemically infected Chinese cabbage leaves and resuspended at pH 7.6 in 10 mM
Na/KP04, 1 mMMgSO4 were ﬁxed with glutaraldehyde and negatively stained for electron microscopy. B. The virus preparations in (A) were dialyzed overnight against 10 mM so-
dium acetate, 1 mM MgSO4, pH 5.5 before ﬁxation and electron microscopy. Scale bars (A, B)=50 nm. Asterisks indicate amorphous aggregates. C. 100 μg of total virus puriﬁed
from Chinese cabbage in pH 7.6 buffer was subjected to pH 5.5 buffer for 1 h before glutaraldehyde ﬁxation and electrophoresis through 0.8% maleic acid pH 5.5 agarose gels
(stained with Coomassie blue to detect protein).
169J.D. Powell et al. / Virology 422 (2012) 165–173CP subunits were in similar molecular environments under these con-
siderably denatured conditions. This state coincided with high sol-
vent exposure, indicated by the λmax of c. 352 nm (Fig. 6D).A
Virion
RNA
2-5Wt*
8kb
6kb
5kb
50   60   65   70
Temperature (°C)
RNA
ladder
50   60   65   70
Temperature (°C) T
B
Virion
RNA 60°C50°C 60°C50°C
2-5Wt*
RNA
Urea [M]
0    1    2    3  3.4 3.4
Urea [M]
0    1    2   3  3.4 3.4 0
Fig. 5. Virion stability at elevated temperatures and the presence of urea. A. Sucrose gradient-pu
agarose/TBE gel electrophoresis followed by ethidium bromide staining to monitor encaps
RNA are indicated. B. CsCl gradient-puriﬁed virions were exposed to the indicated temper
Δ2–10 virions have been cleaved by ribonuclease traces present in the preparation. Images
showing the integrity of CsCl gradient-puriﬁed virions not exposed to elevated temperaturAnalysis by SDS–PAGE of CP in virions without boiling showed
both monomeric and dimeric forms in similar proportions for Wt*
and Δ2–26 (Fig. 7, no heat); pre-boiled samples migrated only as2-10 
Coomassie EtBrC50   60   65   70
emperature (°C)
60°C50°C
2-10 
2-
5
2-
10W
t*
2-
5
2-
10W
t*
Urea [M]
    1    2   3  3.4 3.4
riﬁed virions subjected to increasing temperatures for 30 min were analyzed by native
idated versus released RNA. The migration positions of free and encapsidated (virion)
ature and urea concentration and analyzed as in A. Note that the RNAs released from
in A and B have been inverted for clarity. C. Control agarose gel for the analyses in B
e or urea.
BΔ2-5
Δ2-10
8
7
6
A
14
12
10
Δ2-10
300 320 340 360 380 400
Wt*
310 325 340 355 370 385 400
5
4
3
2
R
el
at
iv
e 
flu
or
es
cn
ce
 (c
pu
 x1
05
)
R
el
at
iv
e 
flu
or
es
cn
ce
 (c
pu
 x1
05
)
R
el
at
iv
e 
flu
or
es
cn
ce
 (c
pu
 x1
05
)
8
6
4
2
Δ2-5
Wt*
Emission wavelength (nm)
C D
4
357
352
Pe
ak
 w
av
el
en
gt
h 
(nm
)
Δ2-10
Δ2-5
Wt*
Δ2-10
Δ2-5
Wt*
3
2
1
0
0 2 4 6 8
347
342
337
332
Urea [M]
0 2 4 6 8
Urea [M]
Emission wavelength (nm)
Fig. 6. Intrinsic tryptophan ﬂuorescence at increasing urea concentration. Fluorescence emission spectra were collected for sucrose-puriﬁed virion preparations in pH 6 and the indi-
cated urea concentrations. A, B. Emission spectra (A, 280 nm excitation; B, 295 nm excitation, speciﬁc for tryptophan residues) in the absence of urea at 25 °C. Dashed line indicates
the peak emission wavelength of Wt* virions. C. Relative ﬂuorescence emission (peak height at λmax) in increasing urea concentration, assayed at 50 °C (295 nm excitation). D. Peak
wavelength (λmax) in increasing urea concentration, assayed at 50 °C (295 nm excitation).
170 J.D. Powell et al. / Virology 422 (2012) 165–173monomers (Fig. 7). These ﬁndings suggest that the decreased stability
of CP deletion mutant virions is not due to major weakening of dimer
interactions, often considered to be the ﬁrst step in particle assembly
(Pappachan et al., 2009; Sastri et al., 1999). The 26 N-terminal resi-
dues thus do not play a major role in CP dimerization.
CP deletion mutant virions are more porous
Deletion mutant virions run on native agarose gels stained with
ethidium bromide had higher ﬂuorescence intensity than Wt* virions
(Fig. 8A), indicating greater access by the dye to the virion interior.
Mutant virions likewise were more accessible to Cs+ ions, as seen in
CsCl density gradient ultracentrifugation (Fig. 8B). Wt* virions banded
at a peak density of 1.41 g/ml, with a minor, denser peak at 1.46 g/ml
as reported previously (Matthews, 1974; Noort et al., 1982). The denser50
40 *
Heat + +
35
25
15
kDa
*
Wt*2-26
Fig. 7. Dimer formation by CP. SDS–PAGE analysis of Wt* and Δ2–26 virions with or
without pre-boiling indicates a strong dimer association (dimers indicated by asterisk).
Detection by Western blotting with anti-TYMV antiserum.peak has been shown to represent virions inwhich a proportion ofMg2+
ions have been (reversibly) replaced by Cs+ ions (Noort et al., 1982). The
mutant Δ2–5 and Δ2–10 virions migrated to higher densities compared
to themajorWt* peak, indicating that themajority of virions bound Cs+
ions internally in exchange for Mg2+ and/or polyamines. For wild type
TYMV, complete conversion to the higher density form can be achieved
by incubation in CsCl at elevated pH and temperature (37°C), resulting
in the replacement of many internal Mg2+ and polyamine counterions
with Cs+ (Noort et al., 1982). Such extensive Cs+ uptake could explain
the higher densities of Δ2–5 and Δ2–10 virions, consistent with more
ready access by Cs+ ions, presumably through more relaxed pores at
the 5-fold and/or quasi 6-fold vertices. Themutant virions are not intrin-
sically denser than Wt* virions, as indicated by centrifugation on Nyco-
denz density gradients (Fig. 8C). The Nycodenz molecule, somewhat
larger than ethidium bromide, may have limited access to the interior
of all virions, both Wt* and mutant, but also lacks internal binding sites
(being non-ionogenic). Sedimentation rates are similar for mutant and
Wt* virions in sucrose gradients (not shown), consistent with similar in-
trinsic densities.
Discussion
The ﬂexible CP N-terminus is not essential for infectivity
CP deletion mutants Δ2–5, Δ2–10 and Δ2–26 were all able to infect
Chinese cabbage and produce normal symptoms and typical 28–30 nm
T=3 virions (Table 1, Fig. 4). The ﬂexible N-terminal region that in-
cludes the residues forming the β-annulus is thus not essential for par-
ticle formation or for other functions supporting an infection. It does not
function as a switch region that is required for adopting the quasi-
equivalent conformations needed to assemble both pentameric and
hexameric capsomeres into an icosahedron virion as has been proposed
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Fig. 8.Mutant virions are more porous. A. Sucrose puriﬁed virions (20 μg) were electrophoresed on native 1% agarose/50 mMmaleic acid pH 6.0 gels, followed by staining for protein
(top panel) or RNA (bottom panel). B. Analysis of virions in CsCl density gradients. C. Analysis of virions in Nycodenz density gradients. For B and C, RNA was isolated from each
fraction by phenol-chloroform extraction and percentage values are based on total RNA isolated from all gradient fractions.
171J.D. Powell et al. / Virology 422 (2012) 165–173for T=3 particles (Harrison, 2001). However, progressive removal of
sequence that includes the β-annulus from the N-terminus clearly re-
sults in attenuated infection and decreased viral yields (Table 1), in-
creased proclivity for defective particles (Fig. 4), and decreased virion
stability (Fig. 5). Thus, although not essential, the β-annulus and
N-terminal ﬂexible region do contribute signiﬁcantly to successful as-
sembly and to virion stability and integrity. An important impact of
these latter deﬁciencies is likely on virus survival outside the host be-
tween infections.
Structural features analogous to the β-annulus are found in other
icosahedral viruses, and, as for TYMV (Canady et al., 1996) these were
predicted from the interpretation of crystal structures to be key contrib-
utors to virion formation and stability (Harrison, 2001; Qu et al., 2000;
Speir et al., 1995). However, similar results to ours have been reported
upon deletion or substitution of the β-annulus analogs from the tom-
busvirus Cucumber necrosis virus (CNV) (Hui and Rochon, 2006) and
the bromoviruses Cowpea chlorotic mottle virus (CCMV) (Willits et
al., 2003) and Brome mosaic virus (BMV) (de Wispelaere et al., 2011).
In each of these cases, the mutants were infectious and produced nor-
mal T=3 virions, but the integrity of the particles was compromised
by being less thermally stable (Hui and Rochon, 2006; Willits et al.,
2003) or more sensitive to ribonuclease (de Wispelaere et al., 2011).
In vitro reassembly was also less efﬁcient for CCMV (Willits et al.,
2003) and BMV mutants (de Wispelaere et al., 2011).
The non-essentiality of the β-annulus for T=3 particle formation
has also been demonstrated in experiments expressing CP in E. coli for
the tymovirus PhyMV (Sastri et al., 1997) and the sobemovirus Sesbania
mosaic virus (Satheshkumar et al., 2005). For icosahedral plant viruses
that have β-barrel jelly roll CP structures in common, the β-annulus an-
alogs appear to have similar signiﬁcance despite considerable diver-
gence in the structural context of the β-annulus in the CP and virion
structure.While in TYMV the β-annulus is comprised of N-terminal res-
idues 1–8 donated by all 6 subunits of the hexameric capsomere, the
BMVandCCMV “β-hexamers” andCNVβ-annulus are comprised of res-
idues downstream of positively-charged RNA binding domains. The
CCMV and BMV β-hexamer is built of short β-strands donated by 6 sub-
units (Willits et al., 2003), while only 3 of the hexamer subunits form
the β-annulus in CNV (Xiang et al., 2006) and sobemoviruses (Qu et
al., 2000). In the bromo-, tombusv- and sobemoviruses, the molecular
switch controlling T=3 as opposed to T=1 particle formation that
was originally envisaged as the role of the β-annulus (Harrison, 2001)
is in fact located in the extended N-terminal region that includes the
ARM RNA-binding motif (Choi and Rao, 2000; Hsu et al., 2006; Kakani
et al., 2008; Krol et al., 1999; Satheshkumar et al., 2005). No T=3/
T=1 polymorphism has to date been observed for tymoviruses.Function of the ﬂexible N-terminus
The attenuated infectivity and particle defects observed for the N-
terminal deletion mutants in this study show that the ﬂexible region
upstream of the CP β-barrel jelly-roll does serve a signiﬁcant role. De-
creased stability (Figs. 4, 5) and increased porosity (providing in-
creased access to the interior of small ions or molecules that could
destabilize virion integrity) (Fig. 8) are likely factors explaining atten-
uated infectivity. Virion assembly is also likely to be less efﬁcient for
the deletion mutants, evidenced by lower yields of assembled capsids
in E. coli and less efﬁcient in vitro capsid reassembly (Fig. 2), as well as
by the appearance of defective particles (Fig. 4). The absence of both
the static stabilization provided by the β-annulus as well as the mo-
bile contributions of the ﬂexible N-terminus during assembly and dis-
encapsidation may contribute to attenuation.
We probed the altered structure of particles formed from the N-
terminal deletion CP variants with the use of intrinsic ﬂuorescence as-
says that report on the environment of tryptophan residues. TYMV CP
contains two tryptophans, both within β-strands of the core jelly-roll
(Canady et al., 1996). The Trp75 side-chain faces the particle interior
while the Trp95 side chain is positioned at subunit interfaces. Neither
is in direct contact with residues deleted in Δ2–5 and Δ2–10 CP. In
wild type virions, the ﬂuorescence intensity and λmax from these res-
idues indicate a high degree of quenching and shielding from the
aqueous solvent (Figs. 6A, B). At 50 °C and concentrations of urea
above 2 M, increased tryptophan ﬂuorescence and λmax indicated a
relaxation of molecular structure around the tryptophan residues
(Figs. 6C, D) that is correlated to RNA release (Fig. 5B). Further studies
will be needed to determine whether this is also accompanied by full
particle dissociation. The tryptophan residues of Δ2–5 and Δ2–10 vi-
rions were less quenched and somewhat more solvent accessible
(Figs. 6A, B), and ﬂuorescence de-quenching (Fig. 6C) and RNA re-
lease (Fig. 5) occurred at lower urea concentrations than for wild
type. These observations are consistent with less tight molecular
packing and more easily disrupted subunit interfaces.
Another factor that could be detrimental to the stability of dele-
tion mutant capsids is their increased porosity: ethidium bromide
and Cs+ more readily gain access to the virion interior (Fig. 8). Re-
moval of the β-annulus can be imagined to alter the gating properties
of the pores at hexamer vertices (Figs. 1A, B), but possibly also at pen-
tamer vertices if the mobile N-terminal domains reside under certain
circumstances near the pores. We have observed that the increased
access by Cs+ destabilizes both virions (Δ2–10; Figs. 5A vs. B) and cap-
sids (Fig. 3B, D) and leads to RNA release, presumably as a result of de-
creased RNA compaction upon displacement of Mg2+ or polyamine
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ment may be a serious liability for mutant particles between infections.
The predominance of negatively charged amino acids in the residues
forming the β-annulus (Fig. 2A)may provide an electrostatic component
to controlling the entry of small molecules at the hexameric pore.
Reassembly of capsids in vitro
Structural studies with TYMV have been hampered by the absence
of a method for studying in vitro assembly (Hirth and Givord, 1985).
We report here for the ﬁrst time for TYMV the formation of 28 nm
icosahedral particles by dialysis of urea-solubilized E. coli-expressed
CP (Fig. 2D). Further reﬁnement of this protocol to improve assembly
efﬁciency and to allow encapsidation of RNA will facilitate additional
studies with TYMV, such as deﬁning the assemblymechanism (Zlotnick
et al., 2000). Because of the high stability of TYMV virions and ATCs,
there is increased interest in exploiting tymoviruses for biomedical
and nanotechnology-based applications (Barnhill et al., 2007). A robust
in vitro reassembly protocol would facilitate novel approaches such as
the construction of particles comprised of combinations of modiﬁed
and Wt forms of the CP.
Materials and methods
Construction of N-terminal deletion mutants
For CP expression in E. coli, PCR ampliﬁcation from a previously
established TYMV infectious clone pTYMC (Weiland and Dreher,
1989) was used to place an NdeI site to overlap the CP AUG initiation
codon (Fig. 2B). The forward primers for PCR ampliﬁcations directed
the desired deletions at the 5′-end of the CP ORF, while the reverse
primer placed a HindIII site just downstream of the TYMV 3′-UTR.
PCR products were subcloned into a TA-vector, digested with NdeI
and HindIII and subsequently cloned into the pRSETB E. coli expres-
sion vector between the NdeI and HindIII sites.
To facilitate the expression of N-terminal deletion mutants in the
context of infections in plants, the pRSETB mutations were transferred
into pCB302-TYW, a clone that establishes TYMV infection by
Agrobacterium-mediated transient expression in plant cells (agroinﬁl-
tration) (Cho andDreher, 2006). First, pCB302-TYWwasmodiﬁed by in-
troducing an EcoRI site immediately upstream of the CP start site
(Fig. 2B). This was done using the Stratagene QuickChange System on
a SacII4371-XbaI3′ fragment (TYMV genome numbering) subcloned
into a pUC plasmid. The EcoRI-modiﬁed SacII-XbaI fragment was then
returned to pCB302-TYW. Next, the 5′ regions of the wild type and mu-
tant CP ORFs of the pRSETB constructs were transferred into pCB302-
TYW using the new EcoRI site and the unique SmaI6061 site. These frag-
ments, PCR ampliﬁed using forward primers that placed an EcoRI site
adjacent to the NdeI site and a reverse primer overlapping the SmaI
site, were subcloned into a TA-vector. Finally, the EcoRI-SmaI fragments
were transferred back to the pCB302 clone, yielding pCB302-TY⁎ and its
derivatives. Because pCB302-TY⁎ still retains the Wt CP but with newly
constructed EcoRI-NdeI sites adjacent to the CP (Fig. 2B), this infectious
clone is referred to as Wt* and is the progenitor for deletion constructs
used in all plant infection experiments. All constructs were sequenced
to verify the absence of unintended mutations.
CP expression in E. coli
The pRSETB-CP plasmid constructs were electroporated into the E.
coli BL21(DE3)pLysS protein expression strain. Cultures grown in
2xYT to an OD595 of 1.0 were induced with 0.5 mM IPTG at 30 °C for
1 h followed by an additional 0.25 mM IPTG and overnight incuba-
tion. Cells were collected by centrifugation and resuspended in
50 mM sodium acetate, 2.5 mM MgSO4, pH 5.9 supplemented with
0.1 mg/mL lysozyme, sonicated and incubated with gentle rockingat room temperature until clear. Lysates were centrifuged at
28,000 g for 30 min to separate soluble and insoluble material. Insol-
uble pellets were resuspended in 8 M urea, 50 mM sodium acetate pH
5.8. Soluble and insoluble fractions were analyzed by SDS–PAGE and
Western blotting with TYMV antiserum. Putative virus-like particles
(VLPs) in supernatants were precipitated with an equal volume of
18% polyethylene glycol 8000 dissolved in 50 mM sodium acetate,
pH 5.8. Resuspended material was concentrated when necessary in
a YM-30 Centricon ultraﬁlter (Amicon Corp). The presence of VLPs
was analyzed by electrophoresis through 1% TAE agarose gels. Insolu-
ble CP solubilized in 8 M urea buffer was dialyzed through a series of
500 ml transfers that removed urea in 1 M increments in reassembly
buffer: either 50 mM sodium acetate, 2.5 mMMgCl2 pH 5.8 or 50 mM
Tris–HCl, 2.5 mM MgCl2, 200 mM NaCl, pH 8.0 with two additional
ﬁnal transfers to remove trace amounts of urea. Precipitate was re-
moved through low speed centrifugation and soluble material con-
centrated in a YM-100 Centricon.
Agroinﬁltration of Chinese cabbage and isolation of virus
Agroinﬁltration was conducted as described by (Cho and Dreher,
2006). Chinese cabbage plants were grown approximately 3 weeks
until the ﬁrst major leaves were established but before secondary
leaves formed. Acetosyringone-induced Agrobacterium suspensions
were inoculated with a blunt end syringe into the underside of leaves
using approximately 1 mL of culture per plant. Leaves were harvested
at 30 days post-infection and virions were isolated via the bentonite
method (Dunn and Hitchborn, 1965).
Electron microscopy
Viral particles and VLPs were visualized on glow-discharged
Formvar-carbon coated copper grids (Ted Pella) by negative staining
with 2% phosphotungstic acid in a Philips CM-12 transmission elec-
tron microscope at 80 kEV.
Puriﬁcation/analysis of viral particles by ultracentrifugation
Particles were analyzed by cesium chloride, sucrose and/or Nyco-
denz ultracentrifugation in 50 mM sodium acetate, 1 mM MgCl2, pH
6.0 (VLPs) or 30 mM sodium acetate pH 6.0 (other particles), using a
Beckman SW-41 rotor at 10 °C. For CsCl gradients, CsCl was dissolved
to a density of 1.30 g/mL for E. coli VLP analysis and 1.42 g/mL for
plant-derived virions and centrifuged for 48 h at 100,000 g. Sucrose gra-
dients, 5–30% pre-formed, were centrifuged for 3 h at 100,000 g. Nyco-
denz density step gradients weremadewith equal volumes of 20%, 30%,
40%, 50% and 60% (w/v) Nycodenz (Accurate Chemical, Westbury, NY)
in 30 mM sodium acetate pH 6.0 as previously described (Gugerli,
1984).
Ten-drop fractions from all gradients were collected in a 107–210 M
Isco Gradient Master fraction collector with density determined using a
standard refractometer. Fractions were analyzed by SDS–PAGE and
Western blotting using anti-TYMV antiserum, and the absorbance at
260 and 280 nm was monitored. RNA was puriﬁed from fractions by
phenol/chloroform extraction and analyzed on 1% TBE agarose gels.
Virion-only fractions were also veriﬁed by electron microscopy to en-
sure they did not contain empty particles.
Assessing stability of virus particles
Virus preparations were stored in bentonite buffer (10 mM sodi-
um/potassium phosphate, 1 mM MgSO4 pH 7.6) at a concentration
of 10 mg/mL. To test stability at pH 5.5, 100 μg of puriﬁed virus was
diluted 1:20 with 10 mM sodium acetate, 1 mM MgSO4 pH 5.5. Pre-
cipitate was removed by centrifugation at 5000 g for 5 min and superna-
tant concentrated and further exchanged against the same buffer with a
173J.D. Powell et al. / Virology 422 (2012) 165–173YM-10Microcon ultraﬁlter. Virus samples at both pH values were cross-
linkedwith 0.1% glutaraldehyde for 1 h to protect against further precip-
itation/destabilization (Migneault et al., 2004) prior to analysis as in
Fig. 5.
Tomeasure intrinsic ﬂuorescence derived from aromatic amino acid
residues, 10 μg of sucrose gradient-puriﬁed infectious virions was incu-
bated for 30 min at 50 °C in 30 mM sodium acetate pH 6.0 supplemen-
ted with increasing concentrations of urea (0.5 to 8.0 M). Virions were
cooled to room temperature before measurement on a Fl3-21 Spex
spectroﬂuorimeter with settings of 1 s integration, 5 mm slit width,
and excitation at either 280 or 295 nm, with readings recorded from
310 to 400 nm. Blank measurements were made in respective urea-
containing buffers.
Stability of virions in 30 mM sodium acetate pH 6.0, either puriﬁed
by sucrose or CsCl gradients to temperature and urea denaturant was
assessed by incubation for 30 min under the speciﬁed condition, fol-
lowed by electrophoresis on native 1% agarose/TBE gels.
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